On China urban arterials traffic presents a mixed flow feature because the percentage of bus flow is relatively high. This affects the applicability of traditional platoon dispersion models which generally only suitable for homogeneous traffic flow. Based on field observations, this paper proposes a mixed platoon dispersion model (MPDM) to macroscopically simulate the mixed platoon dispersion process along the road segment between two successive signalized intersections from the density view. In order to capture the heterogeneity in mixed platoon speeds, the truncated mixed Gaussian distribution (TMGD) is adopted here to fit the speed data collected in the field, and expectation maximization (EM) algorithm is employed to estimate the distribution parameters. Later, the piecewise platoon density function is developed to examine the platoon dispersion characteristics. By applying this density function, the formulation of the expected number of vehicles in the front of the platoon that have passed and the expected number of vehicles at the rear of the platoon that have not passed a downstream intersection, as well as the downstream arriving flow function are derived.
Introduction
Due to signals' compression and splitting along urban arterials, traffic flow is separated into series and moves downstream in platoons which present typical feature of interrupted flow. Vehicles in platoons are traveling at different velocities due to the differences in behaviors of drivers and maneuverability characteristics of vehicles. This dispersion of traffic platoons occurs when the platoon starts diffusing along the arterial link toward the downstream. By simulating the dispersion process, platoon dispersion models are developed to estimate vehicle arrivals at downstream intersections, which provide theoretical basis for signal coordination control.
Platoon dispersion has been studied by many researchers using different assumptions and methodologies. Pacey(1956) first proposed the traffic diffusion model assuming normal distribution of speed. Grace and Potts(1964) further investigated Pacey's model from the density aspect. Later, Robertson(1969) developed a recurrent dispersion model with field data gathered by Hillier and Rothery(1967) , which is widely implemented in various signal plan design software and signal control systems, including TRANSYT(2006) , SCOOT(1981) , SATURN(1980) , and TRAFLO(1980). Seddon(1972) reported that Robertson's model was intrinsically based on shifted geometric distribution of travel time. Tracz(1975) and Polus(1979) reported that distribution of vehicle's travel time is not always a shifted geometric distribution as in Robertson's model, but more consistent with a normal, lognormal, or a gamma distribution. Liu et al. Three external friction levels is implied in Robertson's model in TRANSYT for the platoon dispersion factor. Manar and Baass(1996) pointed out that platoon dispersion relies on not only the external friction but also the internal friction measured with density and volume, and established mathematical models to reflect the dynamic changes in traffic conditions. A multiclass traffic flow model is developed by Wong and Wong(2002) to extend the LWR model considering heterogeneous drivers. Recently, a procedure is proposed by Bonneson et al.(2010) to predict the profile of arrival flow for an intersection by considering platoon decay due to mid-segment driveway access and egress.
Some literatures have doubted about the distribution assumptions of both Pacey's and Robertson's models. Moreover, researchers recently start looking into the heterogeneity and impact of internal frictions on platoon dispersion. Both Pacey's and Robertson's models assume homogeneous traffic flow. While, in urban areas of China there is a large amount of bus traffic besides car flow. Typically, buses run on three types of facilities: normal lanes with mixed traffic, dedicated bus lanes, and bus rapid transit (BRT) lanes as shown in Figure 1 . Dedicated bus lanes and BRT lanes are facilities which are isolated from the general traffic by road markings or physical barriers, and present special operational characteristics. However, most of urban arterials in China are classified as the first type, which present mixed traffic flow.
Because the maneuverability of buses is lesser than cars, and buses need to stop at bus stops, special characteristics present for bus platoon comparing to car platoon. These differences in the microscopic performance are likely to have an impact on the macroscopic platoon dispersion behavior, and require modifications when applying traditional models. A study by Chen et al. (2012) confirmed that the bus traffic has a great effect on mixed platoon speed distribution. Performance of platoon dispersion models depends on the distribution assumption of platoon speed. As reported in some recent studies, the assumption of a simple form speed distribution could not capture the characteristics of mixed traffic flow. Therefore, it will be beneficial to investigate the new feature of mix traffic platoon dispersion based on field collected data. The motivation of this work is to develop a mixed platoon dispersion model based on surveyed data and investigate the impact of bus traffic on the mixed platoon dispersion, which will provide the theoretical support for signal coordination and bus priority control.
In the remainder of this paper, data acquisition and analysis are presented firstly, and the impact of bus traffic on mixed platoon dispersion is investigated by calibration results; following that, a density based mixed platoon dispersion model is developed; then, numerical computations for the model application in signal coordination are presented; at the end, conclusions and future work are provided.
Data acquisition and analysis
Wushan Road, Guangzhou is surveyed for model development and validation. This road segment is a typical arterial street of bidirectional four roadways, which is generally in unsaturated traffic state. There are totally 14 bus routes along this road, and the posted speed limit is 50 km/h (13.89 m/s). License numbers were recorded by video detection at two points, one is right after the signal at Yuehan Road, and the other is situated downstream with 650 m distance, shown in From the three plots in Figure 3 , two humps can be apparently identified from the speed data histogram of the mixed platoon, which represent bus and car categories, respectively. This confirmed the conclusions by Cheng(2012), Chen(2012), Park, et.al,(2010) and Wu, et.al,(2013) . Therefore, the speed distribution of mixed platoons is difficult to be fitted with a single statistic distribution like: Normal or Lognormal. To effectively capture the speed heterogeneity, mixture distribution is needed, which is an efficient tool for fitting any complex continuous random variable. In the literatures, May(1990) and Johnson(1970) once proposed the employment of mixture distributions as a mix of a number of simple form distributions.
Among those mixture distributions, mixed Gaussian distribution is the most widely used, and has a simple mathematics form. The density function of mixed Gaussian distribution is as follow. In this study, four traditional distributions: normal, lognormal, Weibull, and Gamma are firstly fitted for the mixed platoon speed data. The fitting results show p-values < 0.01 with confidence levels of 95% in K-S evaluation 1 . It can be concluded that those four distributions are considered not suitable for the data, which is not a surprise since the speed distributions of buses and cars present different characteristics in the mixed platoon. Later mixed Gaussian distributions are explored for the speed data using EM algorithm through the software of Matlab, and the fitted curves are also presented in Figure 2 . Since EM algorithm is widely known, detailed process is not discussed here for conciseness 2 .
The parameter M of the mixed Gaussian distribution is generally set as the number of curve peaks F of the histogram plots, two curve peaks are easily identified for all three time periods. With 2 M  , the fitted parameters for all time periods are list in Table 2 . Results in table1and table2 show that parameter 1  for all the three time periods are close to the observed car mean speeds, and parameter 2  varies proportional to the bus percentage. This means that the impact of buses on the platoon dispersion is mainly reflected by 2  .
As expected, the mixed Gaussian distribution has p-values > 0.15 in K-S evaluation for each time period. This consolidates the selection of mixed Gaussian distribution for the mixed platoon dispersion modeling because it statistically passes the K-S goodness-of-fit. Moreover, as indicated from the original speed data in Table 1 , the speeds are not ranging from negative infinity to positive infinity, but vary between a minimum speed and a maximum speed (e.g. for period 1, the minimum speed and maximum speeds are 5.65m/s and 20.97m/s, respectively). This is reasonable because vehicles in platoons with speed min vv  and max vv  ( min v and max v denote the minimum and maximum speed, respectively) seldom exist in the real world. Therefore, it may be more rational to assume truncated distribution for the platoon speed (May, 1990 , Johnson, 1970 , Wang et.al, 2012 , Wei et.al, 2012 ), which will be discussed in the following model development section.
Performance of platoon dispersion models depend on the distribution assumption of platoon speed. However, the speed distribution is only descriptive parameter which doesn't study the mechanism inside the traffic flow since detailed 1 K-S evaluation is a nonparametric test method for inferring the distribution pattern using sample data within significant levels. 2 The expectation-maximization (EM) algorithm is one of maximum likelihood methods for estimating a mixture model and has been most commonly applied based on the work of Dempster et al.(1977) interactions between vehicles is not the scope of macroscopic flow modeling other than microscopic flow modeling. But, speed distributions still sufficiently describe the results of microscopic interrelations between bus and car platoons. Here, as concluded from the field data, mixed Gaussian distribution is found better fit the data other than those simple form distributions. This does describe the phenomena of mixed platoon dispersion. However, further studies such as does the mixed Gaussian distribution will always fit the data with varied percentage of buses in the mixed flow, how to define the mixed flow, what is the thresh hold of bus percentage? Due to limited resources, this will be an opening research area and needs more future efforts.
In the practice of developing timing plans for coordinated signals, the speed data is collected in the field. While the speed distributions vary section by section, engineering experience shows that the characteristics of the speed distribution can be classified into several categories with different parameter sets. However, details of the application are not presented here, which can be explored in future works.
Model Development

Assumption for speed function of mixed platoon
As discussed previously that a simple distribution like normal and lognormal can't capture the speed heterogeneity of the mixed flow. Altogether, study like Pacey's platoon dispersion model does not appropriately reflect the practical situation, with the assumption that the speed follows normal distribution spreading from negative to positive infinity.
Hence, the truncated distribution with range limit of speed is more suitable. In this study, the truncated mixed Gaussian distribution (TMGD) is selected to examine the mixed platoon dispersion model development.
By remedying equation (1), the proposed TMGD is shown in the following formula: 
, where,  denotes the cumulative standard normal distribution function.
Mixed Platoon Dispersion Model (MPDM) Development
It is assumed that the green phase start time of the upstream signal 0 t  , and the stop line 0 x  , the platoon density distribution function ( , 0) k x t  of the queuing vehicles at time 0 t  is:
where, a is the queue length and j k is the jam vehicle density. This paper investigates the process whereby the queuing vehicles were discharged from upstream intersection and travel is the accumulated probability function of standard normal distribution.
Following equations (6) and (7), the formulation of ( , ) k x t can be rewritten as follows: 
With equations (8) and (9) 
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tv tv a tv x tv tv a A x t k y t dy k y t dy k y t dy ( , ) 0 q x t  Assuming that the downstream signal locations x is given, the mixed platoon dispersion dynamic, the front of mixed platoon and the rear of mixed platoon behaviors, as well as the impact on the start time of the green phase at the downstream intersection can be quantitatively analyzed. The outcomes can be used for the calculation of timing plan evaluation parameters including delay, stop, and queue length.
Mixed platoon dispersion analysis
Because the proposed MPDM is based on speed TMGD assumption, the parameters of the model should be transferred from the mixed Gaussian distribution. In this section, the MPDM application in Period 1 is performed, and the statistical summary of the field data and the parameters are list in Table 3 . The features of different modeling methods are summarized in Table 4 . Since Robertson's and Pacey's model are widely known, details are not presented. 
Mixed Platoon density distribution function
The density function ( , ) k x t is a key modeling issue in platoon dispersion, which is of great importance to the offset setting in signal coordination design. Generally, the offset of downstream intersection is set as 0 / As seen in Table 4 , with the increment of the distance between the adjacent intersections, the speeds of the vehicles at the front of platoon vary in a large range It is shown in Table 5 that as the distance between the two consecutive intersections increases; more preset t t is in need to allow more vehicles at the rear of the platoon to pass the downstream intersection. 
Number of vehicles not having passed downstream intersection at the rear of mixed platoon
Mixed platoon flow distribution at downstream intersection
Conclusion section
Conclusion
Large percentage of buses in mixed traffic flow affects the accuracy of platoon dispersion modeling in Pacey's and Robertson's model. A mixed platoon dispersion model is developed to capture the characteristics of the mixed platoon dispersion from the density view based on a TMGD of speed. Field data is collected to fit the parameters of the speed distribution. The application on adjacent signal coordination is presented, which indicates that TMGD can effectively capture the heterogeneity of the speed distribution of mixed traffic caused by bus traffic.
By imposing a minimum and maximum speed to the speed distribution, the truncated distribution fits field observations more realistically. The truncated assumption fixes the defects of Pacey's normal distribution and Robertson shifted geometric distribution both presenting vehicles with infinite speeds.
When fitting parameters from field data, the model can be applied in practice, which will improve the signal timing plan development, and lead to delay reduction and congestion relieving.
Future work
This paper proposed a theoretical model, and some on-going issues still need to be explored in future work, like model calibration and validation using extensive field data for different traffic conditions, number of lanes, geometry, roadway function classes. Besides, departing flow data at upstream and arriving flow data at downstream are needed to test the prediction performance of the proposed data.
Furthermore, in order to conveniently applying the proposed model in signal coordination timing software, the development of a macroscopic simulation program is the direction of future works.
